Abstract We evaluated the influence of mesohabitats and catchments on the structural and functional composition of invertebrate communities associated with leaf patches in Atlantic Forest streams. We hypothesized that invertebrate communities would be more influenced by inter-habitat than inter-catchment variation, i.e., invertebrate taxonomic and trophic composition would differ more between pools and riffles than among catchments. Invertebrate richness differed among catchments only, while values of total abundance and biomass were higher in pools. The influence of mesohabitats on the structure of invertebrate communities was high, and most taxa had specificities with one mesohabitat. Among insect shredders, Grypopterigidae (Plecoptera) and
Introduction
Leaf patches formed on the streambed of forest streams are an attractive substrate for aquatic invertebrates because they provide a suitable surface for organism settlement, provide protection against predators, and constitute the main energy source for heterotrophic consumers (Cummins, 1973; Wallace et al., 1997; Kobayashi & Kagaya, 2005) . In addition, detritivores that colonize this substrate are also preyed upon by invertebrate and vertebrate predators, constituting an important link in the detritus-based food webs of lotic ecosystems (Wallace & Webster, 1996; Cheshire et al., 2005) .
Even on small spatial scales, the geomorphological characteristics of streams can be very heterogeneous, and leaf patches commonly occur under different environmental conditions (Boyero & Bosch, 2004) . Therefore, in the same reach, leaf patches are found in mesohabitats that differ in depth, water flow, and content of dissolved oxygen (Hoover et al., 2006) . These differences may influence the structural and functional composition of the aquatic invertebrate communities associated with them (Hoover et al., 2010) . Because aquatic invertebrates have morphological, physiological, and behavioral adaptations to colonize substrates under a specific range of environmental conditions (Allan & Castillo, 2007) , invertebrate communities found to be associated with leaf patches on different mesohabitats, e.g., pools and riffles, usually differ (Kobayashi & Kagaya, 2009; Oliveira & Nessimian, 2010; Jinggut et al., 2012) . While high water flow may prevent the colonization of some taxa in riffles, the presence of organisms that are characteristic of welloxygenated environments may be limited in pools because leaf patches, which are commonly formed by a high number of leaves, may present hypoxic conditions in the interstices (Kobayashi & Kagaya, 2009) .
Variation in large spatial scales that are mainly related to the distance between catchments (Nessimian et al., 2008; Hepp et al., 2012) and organism dispersal capacity (Alp et al., 2012) may also influence the structure of invertebrate communities associated with leaf patches (Curry & Baird, 2015) . Although aquatic insects have a flying adult stage that can disperse into different catchments (Bilton et al., 2001; Macneale et al., 2005) , non-insect invertebrates, such as crustaceans, may have their distribution determined by inter-catchment geographical barriers . Aquatic invertebrates can also drift to downstream reaches, and this movement contributes to the homogenization of communities in the same catchment (Waters, 1972; Downes & Lancaster, 2010) .
Studies developed in different regions have demonstrated that habitat is one of the main variables that influences aquatic invertebrate communities (Costa & Melo, 2008; Oliveira & Nessimian, 2010; Curry & Baird, 2015) . Inter-habitat variation plays an important role in the structural and functional composition of invertebrate communities as the physical characteristics of streams create specific conditions and provide different resources for the aquatic biota (Buss et al., 2004; Kobayashi & Kagaya, 2005) . Astorga et al. (2012) , studying the community similarity of macroinvertebrates along a geographical gradient of c. 1100 km, observed that these organisms were controlled more by environmental factors than by limited dispersal. However, species with low dispersal ability were significantly related to geographic distance. Landeiro et al. (2012) suggested that the lack of spatial patterns on the distribution of larvae of Trichoptera in the streams of an area with large spatial extent (c. 100 km) is probably related to stream connectivity that promotes organism movement for long distances during spates and obscures the relationship between niche factors and dispersal abilities.
The assignment of invertebrate taxa to functional feeding groups (FFG) favors an understanding of the trophic dynamics of aquatic ecosystems (Cummins, 1973) . Because the environmental conditions of different mesohabitats influence the availability of food resources (Boyero, 2003) , the assessment of the trophic composition of aquatic invertebrates tends to be more effective to community variations than the traditional metrics that are based only on the taxonomy and structural composition (Marzin et al., 2012) . Despite the importance of FFG characterization for the understanding of several ecological processes in streams, few studies have evaluated the trophic composition of aquatic invertebrate communities on different spatial scales (Boyero, 2005) .
The aim of this study was to evaluate the influence of mesohabitats and catchments on the structural and functional composition of aquatic invertebrate communities in Atlantic Forest streams. For this purpose, we sampled leaf patches in the pools and riffles of nine streams belonging to three different catchments and determined the taxonomic and trophic compositions of associated communities. We hypothesized that both the structural and functional compositions of invertebrate communities would be more influenced by inter-habitat than by inter-catchment variation, i.e., the communities associated with leaf patches would differ more between pools and riffles than among streams from different catchments.
Methods

Study area
The nine streams studied belong to the headwaters of the rivers Dr. Fig. 1 ). In each of these catchments, three streams located in fragments of the Atlantic Forest, with low anthropogenic influence, were chosen. These streams had well-developed riparian vegetation, shading at least 80% of the streambed, and were studied to ensure a representative characterization of the aquatic invertebrate communities in each catchment.
The catchment of the Dr. Robinson River (DR) is located in the Mestre Á lvaro Environmental Protection Area (3470 ha), at altitudes ranging between 47 and 850 m a.s.l. and with the presence of several Atlantic Forest fragments. In this catchment, the studied streams had large pools, with the streambed covered by sandbanks and well-delimited leaf patches, interspersed with long riffles where the water is shallow and flows over a bedrock streambed. The streams studied in the catchment of the Prata River (PR) are within forest fragments surrounded by croplands and cattle pasture lands, at altitudes ranging between 500 and 750 m a.s.l. These streams have shallow slopes and a bed of sand in pools and pebbles in riffles. In the catchment of the Timbuí River (TI), the studied streams are located in the Santa Lúcia Biological Station, which covers an area of approximately 440 ha at altitudes ranging between 550 and 950 m a.s.l. This area has large, wellpreserved forest fragments in which the studied streams are located. The pools had sandy substrate and large leaf patches and were interspersed with riffles on a stony substrate. During the invertebrate sampling, all studied streams had well-oxygenated water with a slightly acidic pH (Table 1) . The values of the water temperature showed a wide variation, and streams of the PR and TI, which are located at higher altitudes, presented lower values. The electrical conductivity was higher in streams of the DR, and all streams had similar values of width and depth.
Invertebrate sampling
Invertebrate samples were collected in August (dry season), when leaf patches are easily found totally submerged on the streambed. These leaf patches were available for invertebrate colonization since the end of the rainy season (*120 days). In each stream, ten leaf patches were sampled (5 in pools and 5 in riffles), totaling 90 samples. The samples of each catchment were collected on the same day, and the proposed sampling design was performed in 3 consecutive days, i.e., 30 samples per day. Samples were collected using a Surber sampler (0.09 m 2 , 0.250 mm), placed individually in plastic bags and transported on the same day to the laboratory. Because of the presence of macroconsumers (freshwater crabs and shrimps) on the leaf patches of some streams, samples were collected rapidly to avoid their escape, following the method proposed by Magana et al. (2012) .
In the laboratory, the samples were individually washed in a 0.250 mm mesh, and the retained material was preserved in 70% ethanol for later processing. Each sample was then sorted on a stereomicroscope (259), and the invertebrates found were identified to the lowest taxonomic level possible in accordance with specific taxonomic keys (Olifiers et al., 2004; Mugnai et al., 2009; Segura et al., 2011) . The individuals of each taxon were counted and dried (60°C, 72 h) for biomass determination (0.01 mg). After washing, the leaves of each sample were also dried and weighed (0.01 g). The values of leaf biomass did not differ across mesohabitats (F 1,84 = 0.26, P = 0.60) or catchments (F 2,84 = 0.12, P = 0.88).
Invertebrate taxa were assigned to the following FFG: scrapers, shredders, gathering-collectors, filtering-collectors, and predators. For most of the taxa, the assignments were performed according to Cummins et al. (2005) . These authors studied the trophic composition of invertebrate communities in Atlantic Forest streams in the South of Brazil. Ephemeroptera taxa were assigned according to Baptista et al. (2006) and Shimano et al. (2012) . The Coleoptera genera Lutrochus (Lutrochidae) and Stegoelmis (Elmidae) were assigned as shredders according to a gut content analyses performed by Valente-Neto & FonsecaGessner (2011) . Some individuals belonging to taxa that could possibly shred leaf litter, but that are not usually assigned as shredders in studies developed in Brazil, were posteriorly collected in the studied streams and transported alive to the laboratory for the evaluation of their shredding capacity. Of all the taxa observed, the genera Nectopsyche and Notalina (Trichoptera, Leptoceridae) and Blattodea (semi- aquatic cockroaches) shredded a substantial amount of leaf litter in a short time and were considered as shredders in this study. Taxa that could be assigned to more than one FFG were equally divided among the possible groups. Because the larvae of Chironomidae have multiple feeding habits , the individuals of this family were not assigned to any FFG, except for Stenochironomus, which was assigned as a shredder. Crabs and shrimps (omnivorous macroconsumers) were also included in a separate group because of the high biomass of these organisms and the scarcity of information about their functional role in tropical streams (but see Mancinelli et al., 2013; Costa et al., 2016) .
Data analysis
Because the total number of invertebrates found associated with leaf patches showed great variation (11-674 individuals per sample), the rarefaction method was used to calculate the expected values of taxonomic richness in samples with standardized sizes E (S n ) (Gotelli & Colwell, 2001 ). Analyses of Variance (ANOVA) were used to compare the values of abundance, rarefied richness, and total biomass across mesohabitats and catchments. In the ANOVA models, mesohabitat was considered a fixed factor, because the two factor levels (pools and riffles) were present. On the contrary, catchment was considered a random factor. The normality and homogeneity of variance were tested for the residuals of each response variable. When a model was significant, Tukey tests were used for post hoc comparisons (Zar, 2010) . Although crabs and shrimps were not abundant in the samples, the biomass of these organisms was high. Then, ANOVAs comparing the values of biomass were performed with and without the macroconsumer data. To evaluate the structure of communities in pools and riffles in different catchments, data of invertebrate abundance and biomass (log-transformed) were used to determine Bray-Curtis dissimilarities and perform non-metric multidimensional scaling (NMDS) tests (McCune & Grace, 2002) . The same procedure was used to evaluate the composition of FFG of different mesohabitats and catchments (log-transformed biomass data). The Analysis of Indicator Species (Dufrêne & Legendre, 1997 ) was used to determine if any taxon was characteristic of one group of samples (mesohabitats and catchments). All statistical analyses were performed using R (R Development Core Team, Vienna, Austria) and PRIMER 6.0 (Primer-E Ltd, Plymouth, UK).
Results
In total, 11,991 individuals belonging to 90 taxa were found. The insects were dominant (84 taxa), and according to the number of families, the main taxonomic groups were ordered as follows: Coleoptera (13), Trichoptera (10), Diptera (9), Odonata (9), Hemiptera (5), Ephemeroptera (4), Plecoptera (2), Lepidoptera (1), Blattodea (1), Neuroptera (1), and Megaloptera (1). The macroconsumers were represented by the crab Trichodactylus fluviatilis Latreille, 1828 and the shrimp Macrobrachium potiuna (Müller, 1880). These species were not found in TI (Table S1 ). The rarefied richness differed only among catchments (Table 2 ; Fig. 2A) . The values of abundance differed only between the mesohabitats, and the number of individuals found was higher in pools than in riffles (Fig. 2B) . The effect of the mesohabitats on total biomass changed across catchments and the interaction between factors (mesohabitat 9 catchment) was significant (Table 2; Fig. 2C ). When macroconsumers were excluded, the values of the total biomass differed only among catchments (Fig. 2D) .
The relative values of abundance and biomass of FFG varied across mesohabitats and catchments (Supplementary Material). Mesohabitats influenced the structure of invertebrate communities, i.e., the communities observed in pools were spatially different from those observed in riffles (Fig. 3) . The same pattern was observed for each FFG, with the exception of gathering-collectors (Fig. 4) . In each type of mesohabitat, taxa sampled in streams of the same catchment tended to be more similar.
The Analysis of Indicator Species revealed that most of the taxa had specificities with the communities found in one type of mesohabitat, on one or more catchments (Table 3) . However, Hydrachnidia, Kempnyia, Ceratopogonidae, Mortoniella, Hexacylloepus (larva), Oligochaeta, and Orthocladiinae were more generalists in terms of habitat and had specificities with both mesohabitats. Regarding FFG, scrapers and predators had the lowest and highest numbers of indicator taxa (5 and 15 taxa, respectively). The adults of Elmidae (3 genera) were indicators of riffles, while the larvae of Microcylloepus and Xenelmis of pools. Notalina and Blattodea were indicators of pools and riffles in the TI, respectively. Within shredders, the genera of Grypopterigidae were indicators of riffles, Phylloicus and Nectopsyche of pools, and Triplectides of pools in the PR and TI. The macroconsumers were indicators of pools; T. fluviatilis was an indicator on the DR and M. potiuna on the PR. Seven taxa of predators were indicators only in the TI (Table 3) .
Discussion
The obtained results provide evidence that although some taxa occurred only in one catchment, the interhabitat variation had a greater influence on the structure of invertebrate communities associated with leaf patches than did the inter-catchment variation. Costa & Melo (2008) and Oliveira & Nessimian (2010) found similar results in Atlantic Forest streams and suggested that the availability and nature of habitat are the main factors governing aquatic invertebrate colonization on different substrates. These same patterns were found for freshwater mollusks (Hoverman et al., 2011) and aquatic invertebrates (Heino et al., 2012) in temperate streams. However, Ligeiro et al. (2010) demonstrated that the distance between streams may be important to determine the structure of the invertebrate communities on the Brazilian Cerrado (a savannah-like ecosystem) and suggested that the identified differences could be explained by restrictions on the dispersion capacity of some invertebrate taxa.
Despite the values of invertebrate richness not differing between mesohabitats in this study, Brown & Brussock (1991) and Cheshire et al. (2005) observed higher invertebrate richness in riffles, while McCulloch (1986) and Boulton & Lake (1992) observed higher richness in pools. However, the differences found in these studies may be due to the nonstandardization of the values of richness by the number of individuals. Normally, mesohabitats with high values of richness are also those with high values of invertebrate abundance. According to McCabe & Gotelli (2000) and Gotelli & Colwell (2001) , different conclusions can be found when the rarefaction method is used. In addition, studies that have compared invertebrate communities between the mesohabitats in tropical forest streams did not find differences in the values of rarefied richness (Costa & Melo, 2008; Hepp et al., 2012; Milesi et al., 2016) .
The observed differences in the values of abundance across mesohabitats were likely related to the occurrence of Tanypodinae and Chironomidae in pools. This type of mesohabitat is more suitable for taxa that do not have morphological adaptations to withstand high water flow or requirements for welloxygenated waters (Allan & Castillo, 2007) . Henriques- Oliveira et al. (2003) found the predominance of fine particulate organic matter in the gut content of the individuals of these taxa. Therefore, the high abundance of Tanypodinae and Chironomidae in pools might have been promoted by the availability of this food item, which deposits more in this mesohabitat (Mérigoux & Dolédec, 2004) , beyond the capacity of Tanypodinae to prey on other larvae of Chironomidae.
As expected, the results of the comparisons of the total biomass changed when macroconsumers were excluded. When the data from all the taxa were used, the values of biomass differed between mesohabitats, but the effect of this factor changed across catchments. These differences resulted from the presence of crabs and shrimps in the pools of the DR and the PR. The high abundance of macroconsumers in this mesohabitat may be related to the behavior of juvenile freshwater crabs that use leaf patches as shelter and food source (Zimmerman & Covich, 2003; Costa et al., 2016) . In the comparison in which macroconsumers were excluded, differences were observed only among catchments. It is possible that the high values of biomass found in the TI resulted from the presence of large predator insects, such as Kempnyia, Gyrinidae, and several taxa of Odonata, which were found exclusively in this catchment or had higher values of biomass. The taxonomic composition and biomass of FFG were also influenced by inter-habitat variation, and most taxa had specificities with the communities found in one mesohabitat. Buss et al. (2004) , Crisci-bispo et al. (2007) , and Oliveira & Nessimian (2010) also found differences in the FFG composition of the invertebrate communities associated with leaf patches between pools and riffles. These results reinforce the importance of quantifying, in addition to abundance, the biomass of invertebrate taxa, mainly shredders, predators, and macroconsumers. Tonin et al. (2014) suggested that the use of biomass data better indicates the functional role of shredders on the ecological processes that occur in lotic ecosystems. Because most of the studies developed in tropical streams did not determine the invertebrate biomass, the importance of shredders, predators, and other FFG in aquatic communities might have been underestimated. Special attention is required in streams that have a high abundance of small organisms, such as the larvae of Chironomidae. Although the biomass of the shredders did not differ between mesohabitats, the taxonomic composition of this group differed between pools and riffles. While Stegoelmis, Notalina, Triplectides, Ulmeritoides, Phylloicus, and Nectopsyche were indicators of the communities observed in the pools, Blattodea, Guaranyperla, Tupiperla, and Paragripopteryx were indicators of riffles. Because of the size and shape of the cases of the larvae of Phylloicus, Triplectides, Nectopsyche, and Notalina, these caddisflies may have difficulty establishing in riffles. In addition, the differences found in the structural composition of the functional group of shredders suggest that leaf decomposition mediated by detritivores in the studied streams may be performed by distinct taxa in pools and riffles, as observed by Kobayashi & Kagaya (2005) .
The semi-aquatic cockroaches were more representative of the communities found in the riffles of the DR and the TI. Because these organisms cannot breathe underwater, the low abundance of roaches in pools was likely due to their preference for the leaf patches located near the water surface (Bell et al., 2007) . Longo & Blanco (2014) found that Blattodea was the shredder taxon with the highest value of relative biomass in the streams of Colombia. The role of semi-aquatic cockroaches in the structure of invertebrate communities and organic matter processing might have been underestimated or even neglected in tropical streams because the high mobility of these organisms makes their sampling difficult (Yule et al., 2009 ). These shredders have biting mouthparts and are larger than typical insects that feed on leaf litter. Therefore, semi-aquatic cockroaches could be able to feed on a greater diversity of leaf species with different physical and structural characteristics. However, the feeding behavior and shredder capacity of these organisms need better evaluation.
In Brazil, invertebrate shredders were found in low abundance in Cerrado (Moretti et al., 2007; Gonçalves et al., 2012; Rezende et al., 2016) , Amazonia (Gonçalves et al., 2017) , and Atlantic Forest streams (Uieda & Motta, 2007; Moulton et al., 2010) . Nevertheless, the genera Triplectides, Phylloicus, and Stenochironomus were abundant in communities associated with the quickly decomposing leaves of the Amazonian (Landeiro et al., 2008 (Landeiro et al., , 2010 and Atlantic Forest streams (Casotti et al., 2015; Kiffer et al., 2016) . Our results demonstrated that shredders are not scarce in the studied streams, and in terms of biomass, their (Cheshire et al., 2005; Yule et al., 2009; Chará-Serna et al. 2012; Salmah et al., 2013; Longo & Blanco, 2014; Masese et al., 2014) . In addition, macroconsumers could play an important role in stream food webs, especially in pools (Landeiro et al., 2008; Moulton et al., 2010; Williner et al., 2014) . Costa et al. (2016) demonstrated that T. fluviatilis can exert a strong predation pressure on the larvae of insect shredders and also contribute to leaf processing.
In conclusion, our results suggest that the structural and functional composition of aquatic invertebrate communities associated with leaf patches is more influenced by inter-habitat than by inter-catchment variation, corroborating the proposed hypothesis. However, some taxa that were important for the composition of these communities, such T. fluviatilis, M. potiuna, Kempnyia, Notalina, and Blattodea, were also influenced by inter-catchment variation, highlighting the importance of determining both the identity and biomass of invertebrate taxa in this type of study. The high biomass of shredders demonstrated the significant representativeness of these organisms in Atlantic Forest streams, especially when compared to the streams of other tropical regions. Additionally, the observed differences in the structure of shredder taxa between mesohabitats reinforce the necessity of better assessing the role of shredders that show specificities with communities found in riffles, such as the semiaquatic cockroaches. Because of the importance of stream heterogeneity for the structural and functional composition of aquatic invertebrate communities, our findings have reinforced the importance of maintaining the biological and geomorphological characteristics of streams to allow the accumulation of leaves in different mesohabitats and preserve the aquatic biodiversity, especially in the Atlantic Forest.
